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Abstract work. While these are necessary first order measures, mod-
els such as LogP [11] and LogGP [1] are more useful. Early
With the heavy reliance of modern scientific applications work with these models [13] indicates that the most im-

upon the MPI Standard, it has become critical for the imple- portant thing for applications was to minimize the over-
mentation of MPI to be as capable and as fast as possible.head (the time the application processor is involved in the
This has led some of the fastest modern networks to intro-communication). As a result, some of the highest perform-
duce the capability to offload aspects of MPI processing to ing networks have chosen to offload much of the work of
an embedded processor on the network interface. With thissending and receiving MPI messages onto the network in-
important capability has come significant performance im- terfaces [2, 17, 16].

plications. Most notably, the time to process long queues  Unfortunately, the second largest impact on application
of posted receives or unexpected messages is substantiallgerformance is gap (the inverse of the message rate). Recent
longer on embedded processors. This paper presents an aswork [7, 3] has indicated that applications tend to traverse
sociative list matching structure to accelerate the process- a significant number of entries in the two primary queues
ing of moderate length queues in MPI. Simulations are usedmanaged by MPI: the posted receive queue and the un-
to compare the performance of an embedded processor augexpected message queue. For networks that use embedded
mented with this capability to a baseline implementation. processors to traverse these queues, traversing long queues
The proposed enhancement significantly reduces latency folincreases gap. Thus, a compromise has been made to de-
moderate length queues while adding virtually no overhead crease overhead while increasing gap in some scenarios.

for extremely short queues. This paper proposes a unique hardware structure to aug-
ment the microprocessor to accelerate list traversal
and matching. The proposed hardware uses associa-
tive matching structures similar in concept to those in

ternary content addressable memories (TCAMSs) to per-

In the mid-1990's, message passing became the domi-form high-performance parallel matching. These struc-

. . . tures are enhanced with list management capabilities

nant mechanism for programming massively parallel pro- . L :
) 2 to support the unique combination of ordering seman-
cessor systems. By the late-1990’s, the majority of mes:sageiiCS and high list entry turnover needed to support MPI

passing programs leveraged the MPI Standard [14]. In the oiNt-to-DOoINt Messade passin
intervening years, billions of dollars have been invested in P P gep ) 9- ) )
developing application codes using MPI. Thus, it has be- To better understand bgsm properties of the design, a pro-
come critically important to insure that new systems imple- (©Otype has been created in FPGA hardware. The prototype
ment MPI as efficiently as possible. provides an idea of both the clock rate that can be achieved
Many approaches have been taken to characterizing the2nd the timing that should be expected. It also serves as an
efficiency of MPI. The most common (and least useful) is @venue to explore and refine issues with the control inter-

to evaluate the ping-pong latency and bandwidth of the net-face. Unfortunately, this implementation would be difficult
to integrate into a “real” environment. Thus, system-level
o . . . simulation was used to demonstrate the usefulness of the
+ Sandia is a multiprogram laboratory operated by Sandia Corporation, . .
a Lockheed Martin Company, for the United States Department of En- Proposed hardware. An MPI implementation was created
ergy's National Nuclear Security Administration under contract DE- that leverages the hardware acceleration unit. Using simu-

AC04-94AL.85000. lation, this MPI implementation was compared to a baseline
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implementation using only an embedded processor with the In order to reduce the search cost, approaches using hash
benchmarks discussed in [22]. tables have been explored [16, 21]. Hash tables can signifi-

The following section provides further background in- cantly reduce the time needed to find a matching entry, but
formation on the semantics of MPI and discusses othercan also significantly increase the time needed to insert an
related research activities. The hardware design and softentry into the list. Unfortunately, this increase in insertion
ware interface design are described in Sections 3 and 4, retime has been prohibitive. The increase in insertion time for
spectively. The MPI implementations and simulator are de- a hash relative to a list is especially noticeable in the zero-
scribed in Section 5. The results from the comparison arelength ping-pong latency test by which high-performance
presented in Section 6 and conclusions and future work arenetworks are judged. Hashing is also complicated by the
presented in Section 7. need to support wildcard matching and maintain ordering
semantics. Unfortunately, an MPI implementation hasno
priori knowledge of whether wildcard values will be used,
S0 no application-specific approach can be taken.

Conceptually, an MPI implementation has two message 1 n€ use of wildcard matching appears to be widespread.
queues — one that contains a list of outstanding receive re-An initial analysis of several appllcatlc_ms at Sandia has re-
quests (the posted receive queue) and one that contains Ye@led that a large number use wildcards. The use of
list of messages that have arrived but do not match any preMPI-ANY.SOURCE where the source of the incom-
viously posted requests (the unexpected queue). Incomingd message is not known, is most prevalent. The use
messages traverse the posted receive queue for a possib MPI-ANYTAG rarely occurs, perhaps since mes-
match and end up in the unexpected queue if no match i$S@9€ tags are intended to be used for differentiating
found. Before a request can be added to the posted receiv@etWeen specific types of messages. Re-coding applica-
queue, the unexpected queue must be searched for a posgi_ons to ellm!nate t.he use of source W|Idc_ards is non-trivial.
ble match. This search of the unexpected queue must be arl "€ Sémantic equivalent is to post a receive from every pos-
atomic operation to insure that a matching message does r](ﬁlb_le source and thgn cgncel those receives t.hat are unused.
arrive between the time the unexpected queue is searched NiS Strategy is an inefficient use of processing and mem-
and the receive is posted. Oory resources.

MPI messages are matched using three fields: context In this paper, we propose a hardware-based scheme for
identifier, source rank, and message tag. The context iden@ network interface to accelerate MPI matching. Previous
tifier represents an MPI communicator object. This system-Work has explored approaches to using network interface
assigned identifier provides a safe message passing conteXtardware specifically for MPI. The Quadrics QsNet [17]
so that messages from one context do not interfere withnetwork has a general-purpose processor on the network
messages from other contexts. The source rank representéterface that allows for running a user-context thread to
the local rank of the sending process within the communica-Process incoming messages. This approach allows much
tor, and the message tag is a user-assigned value for furthe@f the protocol processing needed to support MPI to oc-
message selection within a context. A posted receive mustcur on the network interface. However, the thread that im-
explicitly match the context identifier, but may “wildcard” plements MPI implements queues as linear lists. The net-
the source rank and message tag values to match against anyork interface for the Sandia/Cray Red Storm machine [2]
value. In addition to the matching criteria, MPI also man- implements the Portals [5] programming interface, which
dates an ordering constraint. Messages between two nodeBrovides protocol building blocks that support general net-

in the same context must arrive in the order in which the cor- work functionality as well as MPI efficiently. However, Por-
responding sends were initiated. tals only allows for incoming messages to traverse a linear

All of the MPI implementations described in pub- listandthere is no specific hardware to accelerate matching.

lished literature represent the posted receive and unex-There is also a significant amount of previous work on us-
pected queues as linear lists. Using this method, the timeind the network interface to implement MPI collective oper-
to traverse these queues grows linearly with the lengthations efficiently [9, 8, 15]. Similarly, these approaches fo-
of the list [22]. And, the length of the list can grow lin- Cus on protocol optimizations and efficient data movement
early with the number of processes in the parallel applica- Operations rather than list traversal.

tion [7, 3]. For some networks, the time spent traversing  The hardware acceleration that we explore in this work
a long queue may impact the entire system, since the netis related to the techniques used to accelerate lookups in In-
work interface may be unable to service other requeststernet Protocol (IP) routers. IP routers need to efficiently
during the search. This can cause a poorly written or er- solve thdongest prefix matcfLPM) problem, where an in-
roneous application to affect the performance of other coming packet needs to be routed to the network that most
applications in the system. closely matches its destination address. As with wildcard
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values in MPI, network masks can be used to cover an en—_.[E Data (1)
tire range of addresses. For an IP router, an incoming mes{Swork DN r Rx DMA
. o S o o ssociative * ngine
sage generates a table lookup for the closest matching des- £ IR0 4 iS Processing
tination, ultimately resulting in the selection of an outgoing ( ! (Poston Recv):
port. For MPI, an incoming message causes a table lookup ""_:{jj """ . ;};:\'4
o 1l
3

A

on the closest matching posted receive, resulting in the se-
lection of a destination buffer for the message. A variety of

software and hardware approaches have been explored to
allow for quickly solving the LPM problem (see [18] for a

summary), but none of them are appropriate for MPI, due
mostly to the need to support the temporal ordering seman-
tics and frequent table updates required by MPI| semantics.

To Host Memory

Processor

High Performance Connection

To Network

3. Hardware Acceleration Unit
Figure 1. The proposed NIC architecture (new
The proposed integration of the hardware in the overall  features shown in dashed lines)
network interface chip (NIC) architecture is shown in Fig-
ure 1. A typical network interface has send and receive (Tx

and Rx) DMA capabilities coupled to the network through than being stored in each cell, the mask bits are inputs. In all
logical FIFO interfaces that provide a buffering capability. other respects, the cells are the same. Stored data is passed
A processor with a local SRAM handles queue process-from one cell to the next. Compare logic (factoring in a set
ing and manages transactions with the network through aof mask bits that indicate “don’t care” locations) produces
local bus. The proposed new components are shown withg single match bit. The basic cell then has three additional
dashed lines. To accelerate the posted receive queue, copigsutputs that feed into the higher level block. The first is a

of the header information are provided to the associative single bit that is the logical AND of the match bit and valid

list processing unit (ALPU) through an added FIFO. Sep- pit (invalid data cannot produce a valid match). The sec-
arate command and result FIFOs are also provided to enpnd is the tag which is muxed through priority logic to se-
able decoupled, asynchronous interactions with the procesiect the right match. The final output is a valid bit to allow

sor. Similarly, copies of new receives being posted are fedthe higher level block to manage flow control.
to an ALPU that handles unexpected messages. The details

of the ALPU are shown in Figure 2. The hardware is bro-
ken into three levels of hierarchy: the individual cell, a block 3.2. Block of Cells
of cells, and the overall associative matching unit.

At the next higher level (Figure 2(c)), a group of cells is
combined into a cell block. In addition to a set of cells, the
3.1. Basic Matching Cell cell block contains a registered version of the incoming re-

quest (to facilitate timing), logic to control the flow of data,

At the lowest level, one of two individual cells is used in |Ogic to Correctiy prioritize the tags7 and |ogic to generate a
the match unit. A single posted receive queue cell is shown“match location”. The control flow logic drives a separate
in Figure 2(a). The cell contains storage for both the match enaple signal to each cell. The transfer of data from one cell
bits (the MPI matching information) as well as correspond- tg the next is enabled in two scenarios: when a match oc-
ing mask bits (for wildcard bits within MPI). The set of cyrs and when new items are being inserted. On a success-
match bits can range from a pair of bits (one each for the two fy| match, MPI semantics require that the matched item be
fields in anMPl_Irecv  that can be wildcarded) to a full  geleted; thus, the match location is broadcast to all of the
width mask as is needed by the Portals interface [5, 4, 6]. cell blocks. Cells at, and below, the match location are en-
In addition, a valid bit, indicating if the entry is valid, and a apled while cells above it are not, effectively deleting the
tag f|e|d, used at the discretion of the SOftware, are Stored.matched cell and |eaving the lowest priority cell empty
In the implementation used here, the tag value is a 16-bit  pyringinserts, all cells are enabled if there is space avail-
pointer to the matching entry in the local RAM. able above them to compact any possible holes (which can

To provide matching for the unexpected message queuegccur during inserts but not deletes). In this implementa-
the cell is changed slightly, as shown in Figure 2(b). Rather tjon, “space available” means that either a higher cell in the
current block or the lowest cell in the next block is empty.
1 The prototype design only supports a single process, but extending it This is to maximize clock frequency in the FPGA proto-

to support a limited number of processes is straightforward. type and is Iiker sufficient for all real cases. “Space avail-
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Figure 2. (a) A cell with a single match unit for the posted receive queue; (b) The corresponding cell
a for the unexpected message queue; (c) A block of cells; (d) The associative match engine

able” could easily be expanded to include any cell in the 3.3. Associative List Processing Unit
next higher block or any cell in any higher block if timing

constraints permitted. An associative list processing unit (ALPU) chains sev-
The number of cells in a cell block is restricted to a €ral cell blocks together and adds control logic to interface
power Of 2 to Simp“fy the task Of prioritizing the correct to the rest Of the network interface. The Ce” bIOCk Outputs
tag and generating a correct match location. The prioritiza- 8re combined and prioritized in the same manner as cell out-
tion |Ogic uses the match Signa| to select the “correct” tag pUtS are combined in the cell block. Eﬁectively, several cell
for output. In Figure 2(c), the highest order cell (furthest to blocks are combined to create one large, virtual array of
the right) is the highest priority. In explanation, MPI seman- Cells. The modularization into cell blocks simplifies timing
tics require that the first matching item in the list be consid- (Particularly for the compaction logic) and simplifies the ex-
ered the “correct match”. In the associative matching struc- Ploration of the design space.
ture, list items are inserted from the left and progress to the  The control logic in the highest level controls the inter-
right. At the first level of prioritization, the higher cell in  action with the rest of the NIC. This control logic deter-
each pair of cells selects its tag if it matched and the partnermines when new data is taken from the header input, when
tag if it did not. The match bits are also encoded as the low- matches begin, when data is written to the output, when
est order bit of the “match location”. At the second level, the data is read from the control input, and how much space
logical OR of the highest order pair of match bits forms the is available in the ALPU. The governing state machine is
select line for the mux and is encoded as the second low-shown in Figure 3. The state machine begins inNtagch
est order bit of the match location (not shown in figure). state. In theMatch state, the ALPU accepts a new match
This pattern continues through levels of muxing for2V each time a match completes. Successful or failed matches
cells. The result is output as the highest order matching tagare output to the result FIFO. If a new command arrives
along with the encoded match location. This muxing struc- (the command FIFO becomes not empty), then at the com-
ture could be collapsed with larger muxes, but 2-to-1 muxespletion of the current match, the state machine enters the
improve placement regularity in the FPGA prototype. Read Commandstate. At this point, only thRESETand



4.1. Processor Interface

INSERT

INSERT or MATCH FAIL
STOP INSERT
Read

The ALPU requires a very limited set of commands
and responses (see Table 1). A pair of commaSdART
INSERT and STOP INSERY are used to instruct the
ALPU to enter and exit a mode that is safe for inserts.
RESETIs used to clear the ALPU andNSERT is used
to insert new items. Only théNSERT has parameters:
the match bits to be used, the mask bits if needed, and a
CMD_EF user defined tag. Certain outputs are also expected from
the ALPU. TheSTART ACKNOWLED®@HEeturned in re-
sponse to &TART INSERTcommand and indicates the
number of free slots in the ALPUMATCH SUCCES$d
MATCH FAILUREare the responses that are expected in
normal ALPU operation. General operation of the device
Figure 3. The controlling state machine proceeds as follows. START INSERTand its response

gure . 9 (START ACKNOWLED@BUst occur before alNSERT
can be performed. Inserts may then be performed until a
STOP INSERTMATCH SUCCES&n occur at any time,

START INSERTcommands are valid. A RESETclears but MATCH FAILUREcannot occur between START
all of the valid flags and returns to the matching state. A A\ckNOWLEDGIRd aSTOP INSERT

START INSERTputs the device into insert mode. Insert

mode implies a change in the matching behavior — in- .

sert commands are accepted and matching continues untift-2- Overall List Management
a match fails. Matches are stopped temporarily for each in- . .
sert (to maintain correctness), but it is likely that the proces- To manage MPI queues using an_A_LPU, a micropro-
sor cannot fill the command FIFO as quickly as the ALPU CESSOr must apply appropriate heuristics. As previously
can drain it; thus, between inserts, matches are allowed to>oWn [7, 3], these queues can grow to hundreds of items;
continue. Successful matches are output to the result FIFQ1OWeVer, at times, the queues can also be quite short. Be-
and failed matches are held for a retry. This is described in €@use using the ALPU will incur a certain amount of over-

further detail in Section 4. STOP INSERTcommand re-  €ad, the software must only use it when the queue is
turns the operation to the standard match mode adequately long. In addition, the software must recognize
that inserting elements into the ALPU incurs overhead and

should attempt to conglomerate insertions into the unit.
Even though the ALPU will provide high-performance
matching, the processor should keep a copy of the list. The

Fi 1 ides insight into how th d hard list copy allows the ALPU to return a pointer to a list en-
gure L provides Insight Into how the proposed hard- try, instead of the entire entry. As entries are matched (and,
ware fits into the overall software architecture. In a tra-

. . thus, deleted in the ALPU), the processor’s copy of the en-
ditional NIC[2], the header and data are separated (Iog"try must also be deleted. Furthermore, the processor may

icna”¥' : r:iotnphys;r:;algl). ;he dprfifﬁsrsr?]r ﬂegorﬂsirl,'s:rm?cﬂ{ have entries that have not yet been entered into the ALPU. A
g functions using the header information a structs epointerto the start of the portion of the list that has not been

DMA. With the proposed hardware, header data would be entered into the ALPU should also be maintained for proper

replicated to the associative list processing unit. The pur- h ; . : .
: . ) _ . andling of responses (discussed further in Section 4.4).
pose of the ALPU is to quickly provide an index into the g sponses (discussed fur ! ! )

match list if a match occurs. If a match does not occur, the )

processor needs to decide what to do with the non-matching?-3-  Match Entry Insertion

message (described later); thus, the processor also receives o _

a copy of all of the header information. Components interact  When the hardware is initialized, the ALPU is empty.

through FIFOs to provide hardware level decoupling that Matching is enabled, but no matches will succeed; thus,
enables buffered, asynchronous operation. the hardware should be designed such that the processor

can disable the delivery of duplicate information (headers

or new posted receives) to the ALPU until it is initialized.

2 Other commands are discarded and an empty command FIFO beforeAs new entries for the queue arrive (new posted receives or
a valid command causes a transition back to the match state. unexpected messages), the processor should build the ap-

START
INSERT &

4. Software Interface




| Command | Description \ Inputs \

START INSERT | Instruct the ALPU to enter insert mode None
INSERT Insert a new entry in the ALPU Match bits, Mask bits (optional), and tdg
STOP INSERT | Instruct the ALPU to exit insert mode None
RESET Clear all entries in the ALPU None
] Response \ Description \ Outputs \
START ACKNOWLEDGE | ALPU has entered insert mode Number of free entries
MATCH SUCCESS Input matched list item Tag from list item matched
MATCH FAILURE Input did not match list item None

Table 1. Associative list processing unit commands and responses

propriate queue in memory. When the queue length crossegailure, the processor must use the local copy of the data and
a threshold (defined empirically to enable optimal perfor- search the portion of the list that is not in the ALPU. If there
mance), the processor sendSBART INSERTcommand is still no match, the data must be handled correctly. If the
to the ALPU. To avoid a potential race condition where a data is a header that did not match an item in the posted re-
match in the pipeline fails while the processor is performing ceive queue, it should be inserted into the unexpected mes-
an insert (inserts are irrevocable), the processor must waitsage queue. If the data is a new posted receive that did not
for anINSERT ACKNOWLEDGEsponse. In response to match an item in the unexpected message queue, it needs to
the START INSERTcommand, the ALPU enters a safe be added to the posted receive queue.

state where matches can occur, but matches that fail are held

for retry until after all inserts complete. 5. Methodology

While waiting for the INSERT ACKNOWLEDGHe
processor may receivdlATCH SUCCES$r MATCH This research began with a benchmark that exposed a
FAILED responses, which must be handled as describedimitation of modern network interfaces cards (NICs) that
in the next section. THINSERT ACKNOWLEDG#I in- leverage embedded processors. The behavior was replicated

clude the number of entries it is safe to insert. The proces-using a simulation of a modern system environment (includ-
sor should also track this number to insure that it does noting NIC). The simulated NIC was enhanced with the pro-
attempt to start inserting when little or no space is avail- posed associative list processing unit (ALPU) and the MPI
able. Having received theNSERT ACKNOWLEDGE implementation was modified to leverage the feature. Fi-
the processor should insert all items as quickly as pos-nally, an independent hardware prototype was created to un-
sible and then send &TOP INSERT command. If  derstand the performance of the proposed design.

the number of items to be inserted is large, the proces-

sor may need to periodically clear the result FIFO of suc- 5 1 Benchmarks

cessful matches that occur during the insert process to

prevent it from fllllng Each insert includes the informa- The primary motivation for this design was to reduce
tion to be matched, optionally a set of mask bits (for posted message latency when long posted receive queues or long
receives), and a tag. The tag can be any value and will be reynexpected message queues were present. The magnitude
turned on a successful match; however, the recommendegy the problem was revealed in an earlier study [22] us-
use is to store a pointer to the corresponding queue ening two newly designed benchmarks. These benchmarks are

try in local RAM. used again here to study the impacts of the ALPU. The
benchmark that measures the impact of the pre-posted re-
4.4. Result Handling ceive queue length provides three degrees of freedom: the

length of the pre-posted receive queue, the portion of the

If the ALPU is enabled, the processor must retrieve a re- pre-posted receive queue that is traversed, and the size of
sponse from the ALPU for every header that is received. the message. This enables the user to measure the impacts
The processor should first retrieve the copy of the data pro-of both the receive queue length and the actual queue traver-
vided to it and then retrieve the response. The response willsal. The benchmark that assesses the impact of unexpected
either be aMATCH SUCCES8aMATCH FAILEDOn a message queue length on message latency only allows the
success, the returned tag can be used to point directly to théength of the unexpected message queue and the size of the
matching list item in the processor’s copy of the list. On a message to be varied. It deviates from the traditional way of



The primary data structures are a series of linked lists

| Parameter | _CPU NIC Processof to contain requests and the state required to advance them.
Fetch Q 4 2 All of the data structures reside in the NIC memory, and the
Issue Width 8 4 NIC handles most of the MPI processing including the man-
Commit Width 4 4 agement of the unexpected message queue and the posted
RUU Size 64 16 receive queue. Further details of the MPI implementation
Integer Units 4 2 can be found in [20].
Memory Ports 3 1 Use of the ALPU requires minimal modification of the
L1 Caches 64K 2-way | 32K 64-way basic MPIimplementation. Each iteration of the NIC’s main
L2 Cache 512K none loop updates the posted receive ALPU and the unexpected
Clock Speed 2Ghz 500Mhz ALPU. A pointer is kept to indicate which portions of the
Lat. To Main Memory| 80-85ns 115-120ns postedRecvQ andunexpectedQ have been transfered
ISA PowerPC PowerPC to the ALPU and which have not. If there are portions of
Network Wire Lat. 200 ns these lists that have not yet been added to the ALPU, the

NIC will attempt to insert them. The NIC sendsSTART
Table 2. Processor Simulation Parameters INSERT message, and then drains the ALPU'’s result FIFO

of any match results until S TART ACKNOWLED@GEe-
ceived. It then attempts to insert as many of the remaining
measuring latency in that it includes the time to post the re- headers as it can, updating the pointer to indicate which por-
ceive for the latency measuring message as part of the lations of the queue have been inserted. After the inserts, it
tency. This better reflects the way that MPI is actually used will send aSTOP INSERTcommand.

by applications, which typically have some number of iter-  \wnen an incoming message arrives, its header is auto-

ations and post receives in each iteration. matically sent to the ALPU. When the NIC detect this mes-
sage, it checks the ALPU’s output queue to see if it has
5.2. Simulation Environment matched. If it does, the relevant request is removed from

the postedRecvQ . If no match is found, the portion of

System-level simulation of the matching structure used the postedRecvQ that is not on the ALPU is checked.
a simulator based on Enkidu [19], a component-based dis-If no match is found, the message header is added to the
crete event simulation framework. To simulate the CPU unexpectedQ and will be inserted into the unexpected
and NIC processorssim-outorder from the Sim- message queue ALPU. Similarly, when receive requests ar-
pleScalar [10] tool suite was integrated into this frame- rive, the unexpected ALPU is checked to see if a match has
work. Components representing a simple network, DMA occurred. If the ALPU returnsIATCH FAILUREany por-
engines, a memory controller, and DRAM chips were tion of theunexpectedQ not on the ALPU is checked.
added. The memory hierarchy was modeled to include con-
tention for open rows on the DRAM chips.

The main processor was parameterized to be similar to5.4. FPGA Prototype
a modern high-performance processor. The NIC processor
was parameterized to be similar to a processor in higherend To provide a reasonable estimate of the size and oper-
network cards, such as the PowerPC 440 (see table 2). Aating frequency of the ALPU, a prototype implementation
simple bus on the NIC connected the main processor withwas created, targeting Xilinx Virtex 2 and Virtex 2 Pro FP-
the DMA engine, SRAM, and matching structure. This bus GAs. The ALPU was designed using JHDL [12], a struc-
was simulated with a 20ns delay. The SRAM was modeled tural design tool that provides fine-grained control over the

with a 3ns delay. placement of logic on the FPGA. The final design is param-
eterized to allow different match and tag widths, as well as
5.3. MPI Implementation different combinations of the total number of cells and the

number of cells in each block.

The prototype MPl implements a subset of MPI-1.2[14].  When designing the unit, the top priorities were small
With the exception oMPI_Barrier()  , only basic point-  area, high speed and regularity in placement. To allow for
to-point communication and basic support functions were higher operating frequencies, the ALPU requires multiple
implemented. Only support for basic MPI Datatypes is in- clock cycles to complete a match (6 or 7 depending on the
cluded andviPI_COMMVORLDs the only group. The MPI  size of the ALPU and the blocking factor). If desired, it is
was implemented in roughly 1600 lines of C++ and com- possible to overlap execution of the first and last cycles. The
piled with GNU g++ 3.3. simulation results assume a 7 cycle pipelining latency with



Total Block Size Speed Total Block Size Speed
Cells Size | LUTs FFs Slices| (MHz) Cells Size | LUTs FFs Slices| (MHz)
8 17,372 28,908 15,766 112.5 8 17,339 19,414 11,562 112.1
256 16 | 17,573 27,656 15,090 111.4 256 16 | 17,556 17,490 10,631 111.9
32 | 18,054 26,971 14,742 100.2 32 | 18,045 16,469 10,350 100.9
8 8,687 14,562 7,945 111.5 8 8,672 9,773 5,806 111.2
128 16 | 8,786 13,897 7,606/ 112.1 128 16 | 8,777 8,771 5,356 112.1
32 9.025 13,605 7,431 100.6 32 9,020 8,311 5,215/ 100.6
Table 3. Posted Receive ALPU performance Table 4. Unexpected Msg. ALPU performance

no overlap of execution. The current design also allows in- timate). This means that the prototypes would all run at

serts to happen on every other clock cycle. 500MHz — the core logic speed in the ASC Red Storm net-
work interface[2]. The implied size and speed of the ALPU
6. Results in an ASIC makes it a good candidate for addition to a net-

work interface offload engine.
Three sets of experiments were performed. The first was
an FPGA-based prototype used to explore size and perfor6.2. Preposted Latency Impacts
mance issues of the design. The second experiment simu-
lated the performance of a NIC with and without the asso-  Figure 4 compares the performance of a baseline NIC to
ciative list processing unit (ALPU) for the posted receive the same NIC enhanced with a 128-entry ALPU and a 256-
gueue. In the final experiment, the ALPU was applied to entry ALPU. On the left, the full 3D surface is shown for
the management of the unexpected message queue. Resuksich configuration while the right shows projections of sev-
from these experiments indicate that the ALPU is small and eral of the lines on a 2D graph. The graphs have some inter-
fast enough, and provides sufficient benefits to be practical.esting traits. For the baseline NIC (parts (a) and (b)), the low
end of the graph shows each entry traversed adding an av-
6.1. FPGA Prototype erage of 19 ns of latency. By comparison, for a Quadrics
Elan4 NIC, each entry traversed adds 150 ns of latency.
Prototypes for list units accelerating both posted receivesThe almostiOx performance improvement is not surpris-
and unexpected messages were created. The Xilinx FPGANg because the NIC being modeled has a significantly faster
tool chain was used to map the prototypes to a Virtex-11 Pro clock (2.5x), is dual issue (for integers, floating-point does
100 FPGA with a -5 speed gradéVe chose to test units  Nnot get used), and has separate 32 KB instruction and data
with both 256 and 128 total cells, with block sizes of 8, 16, caches. When the queue is too long to fit in cache, the aver-
and 32. For each test, the match width was set to 42 andage time per entry traversed grows to 75 ns. This overhead
the tag width was 16. These widths are adequate to supporshows up even when the entire list is not traversed. For ex-
an MPI implementation supporting the full specification on ample, the time to traverse an entire 400-entry listdgs
a 32K node system. In addition, there is a mask bit for ev- and the time to traverse 80% of a 500-entry lisi(gs.
ery match bit. The sizes and speeds of the prototypes are  Incorporating an ALPU yields two significant advan-
found in Tables 3 and 4. The size and speed numbers werdages. The most dramatic advantage is a flat latency curve
provided by the Xilinx tools. The sizes include the number until the length of the queue traversal crosses the size of the
of 4-input lookup tables (LUTSs), the number of flip flops ALPU. The penalty is a 40 ns increase in the baseline la-
(FFs), as well as the number of sliées tency (zero-length posted receive queues) as the processor
Though the largest ALPU consumes 35% of a large incurs overhead from interacting with the ALPU. With 4 en-
FPGA, as an ASIC, the size would be similar to that of com- tries in the posted receive queue, the ALPU breaks even.
mercially available ternary CAMs. In addition, The move Thus, an MPI library could be optimized to not use the
to standard cell ASIC technology would providesa in- ALPU until the list is at least 4 entries long. The second
crease in clock frequency (an extremely conservative es-advantage provided by the ALPU is the reduction in the us-
age of the cache. By using the ALPU, the processor is not

3 This is the slowest speed grade on a 0.13 micron process. reqUired to traverse the firs{ entries of the queue, even
4 Providing a mask bit for each match bit increases configurability and if the ALPU does not find a match. The storage required by
supports protocols beyond MPI, such as Portals. the ALPU is relatively small (the entire queue entry does not

5 Aslice has two LUTs and two FFs, but often are not used this densely. have to be stored). Each entry in the ALPU contains match-
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Figure 4. (a) Growth of latency with standard
posted receive queue; (b) Growth of latency
using a 128-entry ALPU to manage posted
receive queue; (c¢) Growth of latency using
a 256-entry ALPU to manage posted receive
gqueue
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ing data only, but the processor stores several other pieces
of data in the queue entry. Thus, the number of cache lines
the processor must retrieve from memory is dramatically re-
duced if it does not have to search the first several entries.

6.3. Unexpected Message Impacts

In contrast to the preposted queue, the results show no
advantage from the ALPU for applications that have ex-
tremely short unexpected message queues (Figure 5). In-
deed, with short unexpected message queues, the ALPU ap-
pears to show a small increase in latency (tens of nanosec-
onds). After the unexpected queue reaches a length of 70 en-
tries, the ALPU begins to offer a significant advantage. As
with the preposted queue, as the NIC processor cache is ex-
hausted, latency rises more dramatically. The ALPU is still
able to delay this rapid rise. These graphs do not tell the
full story of the ALPU advantage. To be conservative, the
benchmark is written to allow the overlap of posting a re-
ceive with message transfer. In real life, a long posted re-
ceive queue is created by pre-posting several receives con-
secutively (without matches arriving). Each receive would
take progressively longer and would impact the application
execution time directly. In such a case, the ALPU would of-
fer a much greater benefit.

7. Conclusions and Future Work

Both the posted receive queue and the unexpected mes-
sage queue can be significant bottlenecks in the process-
ing of MPI messages. This paper presents a novel feature
to be integrated in a network interface to accelerate the pro-



cessing of both of these critical queues in MPI. The associa-[10] D. Burger and T. AustinThe SimpleScalar Tool Set, Version
tive list processing unit (ALPU) was prototyped in an FPGA
and was found to be small enough and fast enough to be in{11]
tegrated in a modern network interface.

To assess the performance impact of the ALPU, simula-

tions of both a baseline NIC and a NIC enhanced with the
ALPU were performed. The addition of the ALPU added 12
minimal overhead, even when used on extremely short[ ]

queues. As the queue length grew, the use of the ALPU

achieved dramatic drops in message latency. Even when the

queue length grows beyond the size of the ALPU, the ad-

dition of the ALPU is an inexpensive way to decrease the [13]
pressure on the cache for the processor in the NIC.

The optimization of MPI is a broad and ongoing effort.
Focus areas include other optimization techniques to further
accelerate queue traversal and techniques to traverse queues
quickly with fewer hardware resources. Another area of re- [14]
search will focus on how to offload significant portions of
the Portals interface to enable support of MPI, run-time
software, and 1/0O.
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